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ABSTRACT 
A simple pe r tu rba t ion  feedback scheme i s  developed f o r  
guiding a l i f t i n g  body en t ry  veh ic l e  during the  terminal phase 
of f l i g h t .  By observing t h a t  t he  v e l o c i t y  and f l i g h t  pa th  angle  
of t y p i c a l  l i f t i n g  body veh ic l e s  become quasi-steady during sub- 
sonic  f l i g h t ,  and by s e l e c t i n g  a l t i t u d e  r a t h e r  than t i m e  as t h e  
independent v a r i a b l e ,  one can reduce t h e  number of s t a t e  var i -  
b l e s  t o  three .  The system may then be l i n e a r i z e d  by taking 
f i r s t - o r d e r  per turba t ions  about a nominal t r a j e c t o r y .  An e f -  
f e c t i v e  l i n e a r  feedback guidance l a w  i s  obtained by s e l e c t i n g  
a performance index which i s  quadra t ic  i n  both the  s t a t e  and 
t h e  con t ro l  va r i ab le s .  The minimization of t h i s  performance 
index leads t o  a th i rd-order  mat r ix  R i c a t t i  equation, the  solu- 
t i o n  of which y i e l d s  t h e  optimal feedback gains .  
To implement t h e  terminal  guidance scheme, the  nominal 
s ta te  v a r i a b l e s ,  the  nominal con t ro l  v a r i a b l e s ,  and the  feed- 
back gains are pre-calculated and s to red  as funct ions of a l t i -  
tude i n  the  onboard computer. During f l i g h t ,  t he  a c t u a l  s ta te  
va r i ab le s  are measured and t h e i r  devia t ions  from nominal are 
used t o  c a l c u l a t e  optimal co r rec t ions  t o  the  s t o r e d  nominal con- 
t r o l  va r i ab le s .  
Numerical r e s u l t s  are presented f o r  a typ ica l  veh ic l e  per- 
forming both a s t r a i g h t - i n  approach and a 90' t u rn  followed by 
a s t r a i g h t  g l ide .  These r e s u l t s  i n d i c a t e  t h a t  t h e  scheme can 
success fu l ly  handle a v a r i e t y  of off-nominal condi t ions.  The 
e f f e c t s  of i n i t i a l  condi t ion  e r r o r s ,  winds, atmospheric den- 
s i t y  v a r i a t i o n s ,  and u n c e r t a i n t i e s  i n  the  v e h i c l e  character-  
i s  t ics are included. 
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SECTION I 
INTRODUCTION 
1.1 BACKGROUND 
L i f t i n g  body en t ry  veh ic l e  conf igura t ions  which are capa- 
b l e  of con t ro l l ed  atmospheric f l i g h t  and ho r i zon ta l  landing are 
under i n v e s t i g a t i o n  f o r  a number of f u t u r e  space mission ap- 
p l i c a t i o n s  by both NASA and the  A i r  Force. 
c lude l o g i s t i c  support  f o r  second generat ion space s t a t i o n s  
(e .g . ,  resupply,  c r e w  r o t a t i o n ,  rescue and emergency r e t u r n ) ,  
recovery of reusable  boost veh ic l e  s t a g e s ,  m i l i t a r y  reconnais- 
sance, and s a t e l l i t e  inspec t ion  o r  repair .  
These missions i n -  
The advantage of l i f t i n g  body veh ic l e s  f o r  these  advanced 
missions l i e s  i n  t h e i r  a b i l i t y  t o  maneuver t o  and land a t  one 
of s eve ra l  poss ib l e  s i tes  on a rou t ine  b a s i s .  However, c e r t a i n  
of these  missions (emergency r e t u r n ,  f o r  example) w i l l  r equ i r e  
the  v i t a l  c a p a b i l i t y  of landing a t  n igh t  o r  under marginal 
weather condi t ions.  
puls ion and with maximum l i f t - t o - d r a g  r a t i o s  of about t h ree ,  
these  veh ic l e s  w i l l  r equ i r e  very p rec i se  terminal guidance. 
To accomplish such landings without pro- 
For the  purpose of d i scuss ing  the  guidance of l i f t i n g  
en t ry  veh ic l e s ,  i t  i s  convenient t o  sepa ra t e  the  en t ry  i n t o  
t h r e e  phases: (1) the  i n i t i a l  phase, defined as t h a t  region 
from the  top of t h e  s e n s i b l e  atmosphere t o  30 ki lometers ;  
(2)  the  f i n a l  approach phase, defined as t h a t  region between 
30 ki lometers  and the  start  of t h e  f l a r e  maneuver; and (3)  
t he  f l a r e  and touchdown phase. The e f f o r t  under t h i s  study 
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was concerned only wi th  the  second phase,  bu t  a few remarks 
on a l l  t h r e e  phases are appropr ia te  f o r  background. 
A wide v a r i e t y  of guidance concepts f o r  l i f t i n g  e n t r y  ve- 
h i c l e s  has been reported i n  the  t echn ica l  l i t e r a t u r e .  Nearly 
100 p r i o r  publ ica t ions  are surveyed i n  Reference 1, and many 
o thers  have subsequently appeared (e .g .  , References 2 and 3 ) .  
The majori ty  of these systems are concerned wi th  the  i n i t i a l  
phase of en t ry  and are genera l ly  capable of de l ive r ing  the  ve- 
h i c l e  t o  the s t a r t  of the  f i n a l  approach phase i n  the  v i c i n i t y  
of the landing s i t e  wi th  p o s i t i o n  e r r o r s  of a few kilometers 
(km) , and with ve loc i ty  e r r o r s  on the  order of 10 meters p e r  
second (m/sec). For dayl ight  landings under i d e a l  weather con- 
d i t i o n s ,  the X-15  and l i f t i n g  body test  f l i g h t s  have shown t h a t  
the  p i l o t s ,  u t i l i z i n g  v i s u a l  cues and a minimum of ground in-  
s t r u c t i o n ,  are ab le  t o  reduce the pos i t i on  and ve loc i ty  e r r o r s  
a t  the beginning of the f i n a l  approach phase t o  seve ra l  meters 
and t o  f e w e r  than t e n  meters per  second, r e spec t ive ly ,  a t  t h e  
touchdown poin t  (References 4 and 5 ) .  However, i n  the  case  of 
n ight  landings o r  under adverse weather condi t ions ,  a p rec i se  
terminal guidance system w i l l  be necessary t o  br ing the vehicle  
t o  the  landing s i t e  with s u f f i c i e n t  accuracy t o  enable the 
p i l o t  t o  complete the f lare  and landing maneuvers. 
A p i c t o r i a l  desc r ip t ion  of the  terminal region of f l i g h t  
i s  shown i n  Figure 1. The f i g u r e  i l l u s t r a t e s  two types of ap- 
proach pa t t e rns  which may be used by unpowered l i f t i n g  vehic les ,  
- 2 -  
TYPICAL 
SPIRAL APPROACHES 
TYPICAL 
MINIMUM-TURN 
APPROACHES 
START FLARE 
END FLARE- 
/ L G R O U N D  TRACE 
FIGURE 1. DEFINITION OF FINAL APPROACH AND 
FLARE MANEWER 
a minimum-turn approach and a s p i r a l  approach. 
approach i s  one which uses the  smallest heading change neces- 
s a ry  t o  l i n e  up wi th  the  landing d i r e c t i o n ;  such turns  are a l l  
less than o r  equal t o  180'. 
involves a tu rn  of more than 180°. 
A minimum-turn 
A s p i r a l  approach i s  one which 
S p i r a l  approaches were developed during the t e s t  f l i g h t s  
of the  X-series of a i rc raf t  a t  the NASA F l i g h t  Research Center.  
These approaches are prefer red  by p i l o t s  making v i sua l  letdowns 
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s ince  they allow more opportunity t o  check ve loc i ty  and posi-  
t i o n  (by v i s u a l  cues ,  measured d a t a  and voice communications 
wi th  the  ground) aga ins t  a predetermined f l i g h t  path.  Thus, 
they provide wide f l e x i b i l i t y  and l a rge  e r r o r  accommodation 
c a p a b i l i t y .  The s p i r a l  p a t t e r n  a l s o  r equ i r e s  the  vehic le  t o  
approach the f i e l d  a t  higher a l t i t u d e s ,  enabling terminal-  
area ground sensors  t o  t r a c k  it  a t  l a r g e r  e l eva t ion  angles .  
This r e s u l t s  i n  improved accuracies  over the  low e l eva t ion  
t racking assoc ia ted  wi th  minimum-turn approaches. 
the s p i r a l  approach does involve more maneuvering, which causes 
the  vehic le  t o  l o s e  a l t i t u d e  s l i g h t l y  f a s t e r  than a minimum- 
tu rn  approach. Consequently, i t  may no t  be des i r ab le  f o r  n ight  
However, 
or  poor-weather landings . 
The minimum-turn approach provides less f l e x i b i l i t y  and 
e r r o r  accommodation than the  s p i r a l  approach. This i s  of par- 
t i c u l a r  concern f o r  contingency s i t u a t i o n s  i n  which the space- 
c r a f t  a r r i v e s  with l a rge  excesses or  de f i c i enc ie s  i n  ve loc i ty .  
I n  addi t ion ,  less t i m e  i s  a v a i l a b l e  f o r  terminal-area ground 
sensors t o  acquire  and t r ack  the vehic le ,  and the t racking must 
be performed a t  lower e l eva t ion  angles wi th  g r e a t e r  atmospheric 
and ground c l u t t e r  e f f e c t s .  On the  o ther  hand, the  minimum- 
tu rn  approach s i m p l i f i e s  the  p i l o t ' s  t a s k  and provides a s l i g h t  
reduct ion i n  s ink  rate.  These are important f a c t o r s  during 
instrument letdowns under n igh t  o r  marginal weather condi t ions.  
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The success of t he  f l a r e  maneuver ( a l so  shown i n  Figure 1) 
depends l a r g e l y  upon the  v e h i c l e ' s  pos i t i on  and v e l o c i t y  with 
r e spec t  t o  t h e  runway a t  t h e  s t a r t - f l a r e  po in t .  
approaches the  s t a r t - f l a r e  po in t  i n  a s t eady- s t a t e  g l i d e  aimed 
The v e h i c l e  
a t  a po in t  s h o r t  of t he  runway. 
a nea r ly  cons tan t  normal a c c e l e r a t i o n  maneuver which reduces the 
s i n k  ra te  of t h e  veh ic l e  t o  an acceptable  va lue  a t  touchdown. 
The f l a r e  i t s e l f  c o n s i s t s  of 
1 . 2  SCOPE OF INVESTIGATION 
This i n v e s t i g a t i o n  i s  concerned w i t h  t he  design of  a 
highly accura te  guidance scheme f o r  a l i f t i n g  en t ry  v e h i c l e  i n  
the  f i n a l  approach phase of f l i g h t .  The cu r ren t  p r a c t i c e  f o r  
the  e x i s t i n g  experimental veh ic l e s  i s  t o  l i m i t  a l l  f l i g h t  tests 
t o  dayl ight  hours and i d e a l  weather condi t ions when v i s u a l  
landings are poss ib le .  Obviously, such condi t ions w i l l  not  
a lways e x i s t  during opera t iona l  missions.  
Previous s t u d i e s  of l i f t i n g  body veh ic l e s  (References 6 
and 7) revealed t h a t  they approach a quasi-equilibrium g l i d e  
i n  the  terminal  region of f l i g h t .  By assuming such a quasi-  
equi l ibr ium g l i d e  (i. e. , very slow changes i n  v e l o c i t y  and 
f l i g h t  pa th  angle) and by using a l t i t u d e  r a t h e r  than t i m e  as the  
independent v a r i a b l e ,  a simple approximation t o  the  poin t -  
m a s s  motions of these  veh ic l e s  with only th ree  s ta te  v a r i a b l e s  
w a s  obtained i n  the  present  study. The s impl i f i ed  equations 
w e r e  l i n e a r i z e d  about a nominal re ference  t r a j e c t o r y ,  and the  
r e s u l t i n g  per turba t ion  equations w e r e  used with the  l i n e a r -  
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quadra t i c  synthes is  technique to  ob ta in  a l i n e a r  feedback 
guidance l a w .  The performance of t h i s  scheme w a s  then eval-  
uated by s imulat ion f o r  a v a r i e t y  of off-nominal condi t ions .  
The s imulat ion w a s  conducted using da ta  r e p r e s e n t a t i v e  
of t he  NASA M-2  l i f t i n g  body en t ry  veh ic l e .  The M-2  i s  one 
of t h ree  designs which have been b u i l t  f o r  f u l l - s c a l e  t e s t i n g .  
The o the r  two a r e  the  NASA HL-10 and t h e  A i r  Force X-24A 
(formerly the  SV-5) conf igura t ions .  Two vers ions  of t he  M - 2  
have been constructed and flown: 
which w a s  designed f o r  low a l t i t u d e ,  subsonic f l i g h t s ;  and 
the  heavier  M2-F2 which w a s  b u i l t  f o r  higher a l t i t u d e  f l i g h t s  
up t o  supersonic speeds. More information on the  M - 2  l i f t i n g  
body program may be  found i n  References 5 and 8 through 13 .  
t he  l ightweight  M2-Fl 
Several  s i m p l i f i c a t i o n s  have been assumed throughout t h i s  
i n v e s t i g a t i o n  t o  f a c i l i t a t e  t he  ana lys i s  and s imulat ion in-  
volved. The equations of motion were w r i t t e n  f o r  an i n e r t i a l  
coordinate  frame f ixed  a t  the  touchdown po in t  on the  runway. 
A t h ree  degree-of-freedom, point-mass model of t he  veh ic l e  w a s  
employed, and a l l  tu rn ing  maneuvers w e r e  assumed t o  be  coor- 
dinated ( i . e . ,  no s i d e  s l i p ) .  A non-rotat ing,  f l a t  e a r t h  w a s  
assumed s ince  a l l  maneuvers occur a t  l o w  a l t i t u d e s  i n  the  
proximity of  t h e  runway, and t h e  1962 Standard Atmosphere 
(Reference 14) w a s  used f o r  t h e  atmospheric dens i ty  and speed 
of sound as funct ions of a l t i t u d e .  Furthermore, i t  w a s  as- 
sumed t h a t  the  v e h i c l e ' s  pos i t i on  and v e l o c i t y  could be m e a -  
sured exac t ly ,  and t h a t  t he  guidance commands would be 
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instantly and precisely obeyed by the vehicle. 
gation was limited to the subsonic flight regime to render 
the aerodynamic lift and drag coefficients independent of 
Mach number. 
The investi- 
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SECTION I1 
ANALYTICAL DEVELOPMENT 
This s e c t i o n  presents t h e  a n a l y t i c a l  development of  a 
te rmina l  guidance scheme f o r  l i f t i n g  e n t r y  veh ic l e s .  The 
equations of motion are s t a t e d ,  approximations are introduced,  
and a l i n e a r i z a t i o n  i s  performed about a nominal t r a j e c t o r y .  
A l i n e a r  feedback guidance law i s  then synthesized f o r  t h i s  
s impl i f i ed  system. 
2 . 1  EQUATIONS OF MOTION 
The l i f t i n g  body veh ic l e  may be represented as a poin t  
mass ac ted  upon only by aerodynamic and g r a v i t a t i o n a l  forces .  
A f l a t ,  non-rotat ing e a r t h  with a s t i l l  atmosphere i s  assumed, 
and a l l  tu rn ing  maneuvers a r e  completely coordinated. The 
equations of motion are w r i t t e n  using t h e  i n e r t i a l  coordinate  
system i l l u s t r a t e d  i n  Figure 2.  The o r i g i n  of t he  coordinate  
system i s  a t  t h e  runway touchdown poin t ;  t he  x-axis  i s  i n  the  
ho r i zon ta l  plane,  paral le l  t o  t h e  runway and p o s i t i v e  i n  the  
landing d i r e c t i o n ;  t h e  z -ax is  i s  p o s i t i v e  - down along t h e  l o c a l  
v e r t i c a l ;  and t h e  y-axis forms a right-hand orthogonal system. 
It should be noted t h a t  t he  f l i g h t  path angle  y i s  p o s i t i v e  
below t h e  l o c a l  ho r i zon ta l  and the  bank angle  
t a t i o n  of t he  l i f t  vec to r  about t he  v e l o c i t y  vec to r  and away 
from the  v e r t i c a l  plane. 
denotes a ro- 
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FIGURE 2 .  D E F I N I T I O N  OF COORDINATE SYSTEM AND 
IMPORTANT PARAMETERS 
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mV = -D + mg siny 
mv; = -LCOS@ + mg cosy 
mv cosyi = L sin4 
x = v cosy cos$ 
i = v cosy sin+ 
i = v siny 
The notation employed in Equations ( 1 ) - ( 6 )  is standarG and 
the symbols are defined in the Glossary of Symbols at the 
beginning of this report. 
The six state variables of the system are the velocity V, 
the flight path angle y ,  the heading angle J r ,  and the position 
coordinates x, y, and z ;  the angle of attack a and the bank 
angle 4 are the control variables. In the following subsec- 
tion, the number of state variables will be reduced by the 
introduction of suitable approximations. 
2.2 SIMPLIFIED EQUATIONS 
2.2.1 Qu asi-Steady Approximation 
The vehicles considered in Reference 6 were found 
to approach a quasi-equilibrium glide at constant a and 4 for 
a wide range of initial conditions. That is, V and i /  become 
so small that the values of V and y are essentially determined 
by the equilibrium conditions at the local altitude. Hence, 
for a given a and @, V and y are only functions of altitude. 
For example, Figure 3 shows that both velocity and flight path 
angle for a 360' approach become quasi-steady below an altitude 
of about 9 km. 
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ByassumingthatVandy change slowlyalongthe flight 
path, we may neglect and in the equations of motion. With 
these approximations, Equations (1) through (3) simplify to 
D = mg siny 
L = mg cosy sece 
tan @ 
( I r = g  V ( 9 )  
The flight path is approximated by a descending helix with slowly 
changing helix angle y and radius R given by (see Figure 4 ) :  
2 v COSY - v COSY - 
R =  g tan @ i 
Equations ( 7 )  and (8) implicitly determine the quasi-steady 
flight path angle and velocity as functions of a and 4 .  
The quasi-steady approximation reduces the number 
of state variables to four by eliminating velocity and flight 
path angle. If the vertical position coordinate z is used 
AXIS OF 
F H E L I X  
FLIGHT 
PATH 
FIGURE 4.  FLIGHT PATH AS A LOCALLY DESCENDING HELIX 
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i n s t e a d  of t i m e  as t h e  independent v a r i a b l e ,  t h e  motion of t h e  
g l i d e r  may be expressed i n  terms of only t h r e e  state v a r i a b l e s .  
By d iv id ing  Equation ( 6 )  i n t o  Equations ( 4 ) ,  (5) and ( 9 ) ,  and 
then using Equation ( l o ) ,  w e  ob ta in  t h e  following s impl i f i ed  
equations : 
dx aZ = c t n y  c o s $  
2 = c t n y  s i n g  
1 dg = a c t n y  az 
The state v a r i a b l e s  o f  t he  system are now, x ,  y 
and J I ;  t he  independent v a r i a b l e  i s  z ;  and t h e  c o n t r o l  v a r i a b l e s  
may be considered t o  be e i t h e r  y and R o r  a and 4 .  
common v a r i a b l e s  a and cp are r e l a t e d  t o  Y and R through Equa- 
t i o n s  ( 7 ) ,  (8) and (10) .  However, t o  e x p l i c i t l y  e s t a b l i s h  t h i s  
r e l a t i o n s h i p ,  t h e  aerodynamic l i f t  and drag c h a r a c t e r i s t i c s  of 
t he  g l i d e r  must be spec i f i ed .  
The more 
These are discussed next .  
2 .2 .2  Aerodynamic Approximation 
The point-mass aerodynamics of l i f t i n g  e n t r y  ve- 
h i c l e s  may be c l o s e l y  approximated by assuming l i f t  t o  be 
l i n e a r  and drag t o  be quadra t ic  i n  angle of  a t t a c k ,  i . e . ,  
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where 
P = local atmospheric density 
'ref 
cL 
cD 
= aerodynamic reference area 
= lift coefficient slope 
a 
a = angle of attack for zero lift 
0 
= zero-lift drag coefficient 
0 
rl = efficiency factor ( 0  s n s 1) 
In general, CL , ao, CD and q are functions of Mach number. 
a 0 
However, for subsonic flight these quantities are very nearly 
constant. 
As shown in Appendix E of Reference 7, the approxi- 
mations of Equations (14) and (15) may be used to rewrite Equa- 
tions (7), (8) and (10) as: 
2 
4; 
tany = (CI + L) sec Q 
2 - 4 cos y 
a sin@ 
R -  - 
where 
. c =  2mn = characteristic length PCL 'ref a 
6 = Z/%' = minimum drag/lift ratio 
cL a 
- 
a = q ( a  -ao) = modified angle of attack 
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The characteristic length 4, is the only parameter in these 
equations which is a function of altitude(throughthe atmos- 
pheric density p ) .  
Equations (16) and (17) explicitly determine the 
quasi-steady velocity and flight path angle in terms of the 
altitude and the control variables & and @. On the other hand, 
Equations (17) and(18) provide an implicit relationshipbetween 
the control variables ( E , @ )  and those appearing in the simpli- 
fied equations of motion ( y , R ) .  Figure 5 displays this latter 
relationship for the M-2 configuration during subsonic flight. 
The ratio & / R  has been plotted on the ordinate rather than R 
itself for two reasons: (1) R becomes infinite when @ = 0, and 
(2) this removes the altitude dependence of the relationship. 
There are actually two values of & and @ which satisfy Equa- 
tions (17) and (18) for each y and d / R ;  only the solutions for 
the lower value of 'a is shown in the figure since this corres- 
ponds to the region which pilots prefer. 
The simplified system is specified by Equations 
(11)-(13), (17) and (18). At any altitude, the selected values 
of the control variables cx and @ may be used to determine R 
and y by means of a chart like Figure 5. These, together with 
the current values of the state variables (x,y,$), completely 
determine the rates of change of (x,y,$) with altitude. 
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2 . 3  PERTURBATION EQUATIONS 
The simplified equations of motion are still nonlinear 
and the physical control variables a and 0 enter into them 
implicitly. The application of the synthesis technique to 
be described later requires the equations of motion to be 
linear in both the state and control variables. This may be 
accomplished by taking first-order perturbations of the equa- 
tions of motion about a nominal trajectory. 
Using vector-matrix notation, the perturbation form of 
Equations (11) - (13) may be written as 
d 
E + 
- - 
0 
0 
2 
2 
-cos Q csc y , 
-sin Q csc y ,  
- - R1 2  cscy y --$ctny 
- - 
where the subscript N indicates the quantity is evaluated along 
the nominal trajectory, and 
Similarly, the perturbation versions of Equations (17) and (18) 
are 
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where the elements of the matrix are 
n 
L 
2 - a R  = -R [ctn$ + 2 t a n ~  sin y ]  a @  
and 
The substitution of Equation (20) into Equation (19) leads 
to the desired set of linear perturbation equations: 
where the state vector 2 and the control vector are defined 
as 
and the matrices F and G are given by 
, 0 ,-ctny 
F =  3 
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G =  
2 
2 
-cos Jr csc  y ,  
- s i n $  csc y ,  O I  
- -  I csc 2 y , - + c t n  .i R 
- N 
2.4 TERMINAL GUIDANCE FOR QUADRATIC PERFORMANCE CRITERIA 
Having described t h e  approximate motion of t h e  veh ic l e  
i n  t h e  v i c i n i t y  of  t h e  nominal t r a j e c t o r y ,  w e  now wish t o  f i n d  
a feedback l a w  f o r  t h e  con t ro l  v a r i a b l e s  6a and 6 4  which w i l l  
guide t h e  g l i d e r  from a condi t ion o f f  t h e  nominal t r a j e c t o r y  
t o  the  des i red  terminal  condi t ions while exh ib i t i ng  acceptable  
behavior along t h e  way. A convenient performance index t o  
choose (Reference 1 5 ) )  t h e  minimization of which leads  t o  
l i n e a r  feedback cont ro l ,  i s  one which i s  quadrat ic  i n  both the  
s ta te  and t h e  con t ro l  v a r i a b l e s .  The genera l  form i s  
where zo and zf are, r e spec t ive ly ,  t h e  i n i t i a l  and f i n a l  values  
of t h e  independent va r i ab le .  
B are t o  be chosen by t h e  designer.  
be  p o s i t i v e  semi-def ini te ,  penal izes  t h e  terminal  e r r o r s  i n  t h e  
state v a r i a b l e s ,  while  matrix A penal izes  the en rou te  devia- 
The weighting matrices S f 9  A and 
The matr ix  S f ,  which must 
t i o n s  of t he  s ta te  v a r i a b l e s  from nominal. The use of con t ro l  
devia t ions  i s  penalized by matr ix  B, which m u s t  be  p o s i t i v e  
def ini te .  
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A reasonable choice 
guidance scheme is 
- 
sf - 
A =  
B =  
of these matrices for the entry vehicle 
O Y  
1 
-2’ 
byf 
- 
0 
0 
0 
0 1 7’ 
aO 
1 - 
O 9  2 
@O 
Equations (31) and ( 3 2 )  imply that state variable errors 
( 3 3 )  
(fix, by, b g )  are considered unimportant except at the final 
altitude. 
chosen to provide satisfactory terminal accuracy within limi- 
The parameters 6xf byf¶ b$f, 6ao and 6 Q 0  must be 
tations of acceptable ba and 6@. Usually, good estimates are 
the maximum allowable values. 
The minimization of the performance criteria, Equation 
(30), subject to the perturbation equations of motion, Equa- 
tion (25), yields the optimum feedback guidance law 
c u = -C(Z)2 
The feedback gain matrix C ( z )  is defined by 
( 3 4 )  
( 3 5 )  C = B-’GT S 
- 21 - 
T where B-' is the inverse of B y  G 
S is the solution of the matrix Riccati equation 
is the transpose of Gy and 
- -  dS - -SF - F ~  s + S G B - ~ G ~  s dz 
with the boundary condition 
2.5 SUMMARY 
The terminal guidance law is given by Equation ( 3 4 ) ,  which 
may be rewritten in expanded form as 
The altitude h has been used instead of the position coordinate 
z for convenience, where 
h = hR -Z 
and h is the altitude of the runway above sea level. R 
( 3 9 )  
The terminal guidance scheme is summarized in Figures 6 
and 7 .  Figure 6 is a block diagram showing how the system 
would be implemented onboard a lifting body vehicle. 
trajectory would be selected and used to pre-calculate the 
feedback gains. Next, the nominal state histories 
[xN(h), yN(h), qN(h)], the nominal control histories 
A nominal 
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FIGURE 7. TYPICAL PERFORMANCE OF TERMINAL GUIDANCE SCHEME 
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[%(h), aN(h)], and the feedback gains [Ccrx(h), C 
C,(h), CQy(h), C,*(h)] would be stored as functions of altitude 
in the airborne computer. 
flight, the actual state variables (and the altitude) would be 
measured and compared with the nominal values for that alti- 
tude, The errors would then be used to properly modify the 
stored nominal control histories by means of Equation (38). 
(h), C,+(h), aY 
During the terminal phase of the 
The operation of the scheme is illustrated in Figure 7, 
which shows horizontal and vertical projections of the nominal 
trajectory (solid) and a typical off-nominal one (dashed) for 
a 360° approach. 
variables, and the deviations themselves, are indicated for a 
particular altitude. Notice that the terminal guidance scheme 
does not attempt to restore the vehicle to the nominal path, 
but instead it smoothly "funnels" the vehicle from its off- 
nominal condition down to the desired terminal conditions. 
The actual and nominal values of the state 
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SECTION 111 
SYSTEM PERFORMANCE 
The performance of t h e  terminal  guidance scheme developed 
i n  the  previous s e c t i o n  was  evaluated by means of a d i g i t a l  
computer s imulat ion,  which used the  f u l l  s i x  state v a r i a b l e  
model of Equations (1)-(6)  and the  aerodynamic/mass cha rac t e r -  
i s t ics  of t h e  NASA M - 2  l i f t i n g  body. Details of t he  simula- 
t i o n  program and the  v e h i c l e  c h a r a c t e r i s t i c s  may be found i n  
Reference 6 .  The following subsect ions descr ibe  the  se l ec -  
t i o n  of t he  nominal t r a j e c t o r i e s ,  the  c a l c u l a t i o n  of t h e  cor-  
responding feedback ga ins ,  and t h e  performance of t he  system 
f o r  a v a r i e t y  of off-nominal condi t ions.  
3.1 NOMINAL TRAJECTORIES 
Two nominal t r a j e c t o r i e s  were s e l e c t e d  f o r  the  numerical 
eva lua t ion  of t h e  terminal  guidance scheme: (1) a s t r a i g h t - i n  
approach, and (2)  a 90° approach. 
g l i d e  from an i n i t i a l  a l t i t u d e  of 9.0 km t o  a f i n a l  ( s t a r t -  
f l a r e )  a l t i t u d e  of 1 . 2  km a t  a cons tan t  f l i g h t  path angle  of 
2 l0 .  
be i n i t i a l l y  unbanked and f l y i n g  i n  t h e  v e r t i c a l  plane con- 
t a in ing  the  runway c e n t e r l i n e .  
i s  i n i t i a l l y  headed perpendicular t o  t h e  runway and i s  banked 
a t  an angle  of -30'. 
i ng  change has been executed and t h e  g l i d e r  i s  l i ned  up with 
the  runway. A t  t h i s  po in t ,  a r o l l - o u t  maneuver i s  performed 
Both of these c o n s i s t  of a 
For the  s t r a i g h t - i n  approach, t he  veh ic l e  i s  assumed to  
I n  the  90' approach, t he  g l i d e r  
This bank angle  i s  he ld  u n t i l  a 90' head- 
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( i . e . ,  the  bank angle  i s  switched t o  0') and t h e  v e h i c l e  pro- 
ceeds along a s t r a i g h t - i n  approach t o  the  f i n a l  a l t i t u d e .  
These two nominals are no t  p a r t i c u l a r l y  recommended f o r  a c t u a l  
use ,  but w e r e  m e r e l y  s e l e c t e d  as r ep resen ta t ive  maneuvering and 
non-maneuvering approaches. 
A s  s t a t e d  i n  t h e  In t roduct ion ,  t h i s  i n v e s t i g a t i o n  w a s  
l imi ted  t o  t h e  subsonic f l i g h t  regime i n  o rde r  t o  render t h e  
aerodynamic c o e f f i c i e n t s  cons tan t  wi th  Mach number. I n  par- 
t i c u l a r ,  t he  nominal i n i t i a l  v e l o c i t y  f o r  both approaches w a s  
s e l ec t ed  as 240 m / s e c ,  which corresponds t o  a Mach number of 
0.79 a t  the  i n i t i a l  a l t i t u d e .  The i n i t i a l  downrange and cross-  
range coordinates  are such t h a t ,  a t  t h e  s t a r t - f l a r e  a l t i t u d e ,  
t h e  g l i d e r  i s  located on t h e  runway a x i s  3.5 km shor t  of touch- 
down. The f l a r e  maneuver w a s  assumed t o  commence a t  an a l t i -  
tude of 1 . 2  km (500 m above t h e  runway which i s  s i t u a t e d  700 m 
above sea l e v e l ) .  Tab le  I summarizes the  i n i t i a l  condi t ions 
f o r  both nominal approaches. 
0 
h 
(m) 
S t r a igh t - In  9000 
I9000 Iegree 
TABLE I. NOMINAL INITIAL CONDITIONS 
1 
Y O  
(m/sec) (de& (deg) (deg) (m) (m) 
X 
0 YO $0 @O 0 
V 
240 2 1  0 0 -23820 O #  
240 2 1  90 -30 -19006 -80251 
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The two nominal approaches are i l l u s t r a t e d  i n  Figures 
8 and 9 .  The f i r s t  f i g u r e  shows t h e  p ro jec t ions  of t he  trajec- 
t o r i e s  onto the  ho r i zon ta l  and v e r t i c a l  planes containing the  
runway ( these  are the  ground t r ack ,  and the  a l t i t u d e  versus  
downrange p l o t ,  r e spec t ive ly ) .  The second f i g u r e  presents  t he  
f l i g h t  pa th  angle ,  t h e  v e l o c i t y ,  and the  nominal c o n t r o l  h i s t o -  
ries (angle of a t t a c k  and bank angle) as funct ions of a l t i t u d e .  
3.2 FEEDBACK GAINS 
The nominal t r a j e c t o r y  da t a  of Figure 9 w e r e  used t o  cal-  
c u l a t e  a set  of feedback gains  f o r  each of t he  two approaches. 
Table I1 summarizes the  subsonic aerodynamic parameters assumed 
f o r  t he  example. The v a r i a t i o n  of t h e  c h a r a c t e r i s t i c  length 4 
with a l t i t u d e  i s  shown i n  Figure 10. The weighting funct ions 
which spec i fy  t h e  matrices S and B i n  Equations (31) and (33) 
w e r e  chosen t o  represent  reasonable allowable values  f o r  t h e  
r e spec t ive  q u a n t i t i e s .  These are a l s o  summarized i n  Table 11. 
f 
The feedback gains  are shown i n  Figures 11 and 12 .  I n  
general ,  t h e i r  magnitudes are s m a l l  a t  the  i n i t i a l  a l t i t u d e  
(9000 m) and grow l a r g e r  as t h e  g l i d e r  descends. 
approach, a d iscont inui ty  occurs i n  each of t h e  gains  a t  the  
r o l l - o u t  a l t i t u d e  (4470 m) where t h e  nominal bank angle  switches 
from -30' t o  0'. Below t h i s  a l t i t u d e ,  t h e  gains  f o r  t h e  two ap- 
proaches are p r a c t i c a l l y  i d e n t i c a l  s i n c e  t h e  v e h i c l e  i s  g l i d i n g  
s t r a i g h t  i n  both cases. During the  s t r a i g h t - i n  g l i d e ,  t h e  gains  
For the  90' 
and C Q X  are a l l  zero;  i n  o the r  words, t he  longi tudina l  caq 
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TABLE 11. VALUES USED TO CALCULATE FEEDBACK GAINS 
Aerodynamic 
Parameters 
Weighting 
Functions 
Item 
C 
La 
0 
cD 
rl 
6 
Xf 
"f 
"f 
6a0 
@O 
Value 1 0.0223 
I -9.48 
0 L 05946 
0.00702 
0.2737 
100.0 
50,O 
1.0  
3.0 
30.0 
and lateral-directional modes are decoupled. 
range position or heading angle do not influence the angle of 
attack, and downrange position errors do not affect the bank 
angle. 
Errors in cross- 
In the simulation, only the values of the gains for a 
few selected altitudes are stored and linear interpolation is 
- ' 3 2  - 
- 300 I 
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FIGURE 10. CHARACTERISTIC LENGTH VERSUS ALTITUDE 
used to calculate the gains for intermediate altitudes. Ini- 
tially, the altitudes selected were at 500 m intervals, begin- 
ning at the start-flare altitude. However, this resulted in 
unsatisfactory performance in the lowest altitude interval 
where the gains change rapidly and the linear approximation 
is very poor; relatively small state variable errors resulted 
in extremely large guidance commands. Consequently, this 
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i n t e r v a l  w a s  subdivided i n t o  f i n e r  segments. The resul ts  
w e r e  v a s t l y  improved, bu t  i n  a few cases t h e  c o n t r o l  demands 
i n  the  lowest i n t e r v a l  w e r e  s t i l l  exorb i tan t .  To remedy t h i s  
s i t u a t i o n ,  t h e  terminal  values  of t h e  feedback gains  Cax and 
C w e r e  modified t o  provide a b e t t e r  l i n e a r  approximation t o  
the  a c t u a l  curves.  Tables 111 and I V  l i s t  the  f i n a l  values  
used i n  t h e  s imulat ion f o r  t he  a l t i t u d e  i n t e r v a l s ,  t h e  feed- 
back gains  and the  nominal s t a t e  and c o n t r o l  v a r i a b l e  h i s t o r -  
i es .  
@$ 
3.3 INITIAL CONDITION ERRORS 
The f i r s t  off-nominal s i t u a t i o n s  inves t iga t ed  w e r e  devia- 
t i ons  i n  the  i n i t i a l  condi t ions ,  i . e .  condi t ions a t  h = 9 km. 
Both ind iv idua l  and combined e r r o r s  w e r e  considered. 
3.3.1 Indiv idua l  Errors  
Figures 13 and 14 show t h e  performance f o r  t he  
s t r a i g h t - i n  approach with very l a rge  i n i t i a l  pos i t i on  and head- 
ing  e r r o r s .  Figure 13 i s  an altitude-downrange p l o t  which 
shows t h e  nominal t r a j e c t o r y  and those r e s u l t i n g  from i n i t i a l  
downrange e r r o r s  of P 3000 m. The terminal guidance scheme 
very n i ce ly  "funnels" t h e  g l i d e r  from i t s  off-nominal i n i t i a l  
pos i t i on  r i g h t  i n t o  t h e  nominal s t a r t - f l a r e  point .  The ground 
t racks  f o r  t h e  nominal, f o r  i n i t i a l  heading e r r o r s  of ~t 5000 m, 
and f o r  i n i t i a l  crossrange e r r o r s  of & 50' are shown i n  Figure 
14. Again t h e  guidance scheme i s  seen t o  perform very w e l l .  
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The e f f e c t s  of t he  same i n i t i a l  condi t ion  e r r o r s  
It f o r  t he  90' approach are presented i n  Figures 15 and 16. 
i s  apparent t h a t  t he  guidance scheme i s  very e f f e c t i v e  f o r  t he  
maneuvering approach as w e l l .  
The terminal e r r o r s  themselves are no t  v i s i b l e  on 
t h e  scales t o  which Figures  13 t o  16  are p lo t t ed .  Tables V 
and V I  are included t o  c l e a r l y  revea l  t he  terminal accuracy of 
the  guidance scheme f o r  both approaches. These t a b l e s  present  
TABLE V. EFFECTS OF INDIVIDUAL INITIAL CONDITION 
ERRORS FOR STRAIGHT-IN APPROACH 
I n i t i a l  ConditionError 
6xo = + 3000 m 
6xo = - 3000 m 
6yo = f 5000 m 
6 f o  = f 50 deg 
= + 6 deg 
6 deg 
b y 0  
by, - - - 
sVo = + 30 m/sec 
6v0 = - 30 m/sec 
5.52 
-16.47 
-14.03 
-22.18 
13.09 
-22.97 
1.94 
21.55 
0.00 
0.00 
TO.  03 
T O  00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
TO. 03 
TO. 01 
0.00 
0.00~ 
0.00 
0.00 
4.60 
-3.04 
-2.47 
-2.53 
0.63 
-0.08 
1.93 
-0.62 
vf 
( m l  see)  
15.03 
-14.14 
- 8 . 2 1  
-15.94 
- 2.82 
2.93 
4.21 
-8.10 
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TABLE V I .  EFFECTS OF INDIVIDUAL I N I T I A L  CONDITION 
ERRORS FOR 90-DEGREE APPROACH 
I n i t i a l  Condition Error  
6x0 = + 3000 m 
= - 3000 m 
6x0 
= + 5000 m 
6yo - - 5000 m 
ti YO 
- 
6 $ o  = + 50 deg 
6 q o  - - 50 deg - 
6y0 = + 6 deg 
= -  6 deg 6 Y 0  
= + 30 m/sec 
1 6Vo = - 30 m/sec I b V 0  
* -  - .--~. -- . 
1 2 . 1 1  
- 26.41 
- 17 .82  
- 27.14 
- 55.37 
-115.78 
15 .51  
- 19.10  
- 6 .78  
23.43 
0 .22  
0.01 
0.10 
-0 .03  
0 .03  
-2.67 
0.09 
0.02  
-0.06 
0.07 - 
-0.17 
0.00 
-0.05 
0 .02  
0.00 
0.33 
0.01 
-0.02 
-0.01 
0.00 
4.45 
-2.68 
-3 .34  
-3 .20  
-5.38 
2 .04  
0 .82  
0.78 
1.19 
-0 .31  
14 .12  
-13.49 
- 5.22  
-13.40 
-26.37 
8 . 2 1  
- 1.53 
1 .17  
3 .04  
- 6 .41  
t he  terminal  e r r o r s  r e s u l t i n g  from the  i n i t i a l  p o s i t i o n  and 
heading e r r o r s  discussed above, and a l s o  those a r i s i n g  from 
i n i t i a l  f l i g h t  path angle  and v e l o c i t y  e r r o r s  of f 6' and 
* 30 m/sec, r e spec t ive ly .  
The guidance scheme reduces very s i z a b l e  i n i t i a l  con- 
d i t i o n  e r r o r s  t o  very reasonable terminal  e r r o r s  which are w e l l  
wi thin the  c a p a b i l i t y  of t he  p i l o t  t o  c o r r e c t  during the  f l a r e  
maneuver. I n  f a c t ,  t he  guidance sys t em successfu l ly  handles e r r o r s  
- 44 - 
which are w e l l  o u t s i d e  t h e  v a l i d  range of t h e  l i n e a r  per turba-  
t i o n  approximation which w a s  used t o  develop t h e  scheme. 
3 . 3 . 2  Combined Errors  
To obta in  an i n d i c a t i o n  of t he  e f f e c t s  of com- 
bined i n i t i a l  condi t ion  e r r o r s ,  a simple l i n e a r  s t a t i s t i ca l  
ana lys i s  w a s  performed. I f  i t  i s  assumed t h a t  the  sys t em i s  
l i n e a r  f o r  s m a l l  dev ia t ions  from the  nominal t r a j e c t o r y  and 
t h a t  t h e r e  are no off-nominal dis turbances a c t i n g  on the  ve- 
h i c l e  during the  g l i d e  (such as winds), then the  e r r o r s  a t  any 
a l t i t u d e  h are r e l a t e d  t o  the  e r r o r s  a t  the  i n i t i a l  a l t i t u d e  
ho by 
where y, the  s ta te  vec to r  of the  l i n e a r  system, i s  defined as 
(h,ho) i s  the  "state t r a n s i t i o n  matrix'' o r  "fundamental 
11 matrix,  
a l t i t u d e s .  
which i s  a funct ion only of t he  i n i t i a l  and cu r ren t  
- 45 - 
The e r r o r  covariance matr ix  of t he  system i s  def ined 
as 
where E[ 3 i s  t h e  expected va lue  of t he  ind ica ted  quant i ty .  
The diagonal elements of C(h) are the  var iances  i n  the  e r r o r s  
and are t h e  squares of t he  s tandard deviat ions i n  the  s ta te  
va r i ab le s .  Subs t i t u t ing  Equation ( 4 0 )  i n t o  Equation ( 4 2 )  and 
evaluat ing the  r e s u l t  a t  t he  f i n a l  a l t i t u d e  hf, y ie lds  the  
terminal e r r o r  covariance matrix: 
Equation ( 4 3 )  descr ibes  t h e  propagation of t h e  i n i t i a l  con- 
d i t i o n  e r r o r s  t o  the  f i n a l  a l t i t u d e .  
The s t a t e  t r a n s i t i o n  matrix was  evaluated f o r  each of 
t he  nominal t r a j e c t o r i e s  by the  u n i t  s o l u t i o n  method (Refer- 
ences 15 and 1 6 ) .  The r e s u l t s  are presented below. 
S t r a igh t - In  Approach: 
- 
0.00390 0.00788 -0.0298 3 .371 -0.522 
0.0 -0.0000753 -0.0106 0.0 
0.0 -0.0000141 -0.00250 0.0 
0.000613 0.000122 -0.00051 0.0742 0.0877 
0.00477 -0.000633 -0.0119 -0.491 0.283 
- 
- 46 - 
90-Degree Approach: 
- 
-0.00406 -0,00434 0.127 2.876 
-0.0000793 -0,0000397 -0.00504 -0.00763 
-0.00000879 -0.0000141 -0.000738 0.00209 
0.000503 -0.0000165 -0.0651 0.129 
0.00464 0.000997 -0.420 -1.260 
- 
- 
-0,726 
-0.00240 
-0.000578 
0.0567 
0.209 
- 
Several  i n i t i a l  e r r o r  covariance matrices were con- 
s idered .  The standard devia t ions  assumed f o r  the  i n i t i a l  s tate 
va r i ab le  e r r o r s  were taken t o  be the  same as the  ind iv idua l  i n i -  
t i a l  condi t ion  e r r o r s  discussed previously (e .g . ,  ox = 3000 m) .  
Tables V I 1  and V I 1 1  p resent  the  s ta te  va r i ab le  standard devia- 
t i ons  a t  the f i n a l  a l t i t u d e  for various combinations of i n i t i a l  
condi t ion e r r o r s .  
Comparison of the  f i s t  f i v e  rows i n  Tables V I 1  and 
V I 1 1  wi th  the  corresponding r e s u l t s  i n  Tables V and V I  demon- 
s t r a t e s  the non l inea r i ty  of t he  system response f o r  such l a r g e  
i n i t i a l  e r r o r s .  Further  examination of Tables V I 1  and V I 1 1  re- 
veals  t h a t  the terminal e r r o r s  due t o  combined i n i t i a l  condi- 
t i o n  devia t ions  are only s l i g h t l y  l a r g e r  than the  maximum ter- 
minal e r r o r s  produced by the same indiv idua l  i n i t i a l  devia t ions .  
It i s  a l s o  apparent,  f o r  example, t h a t  i n i t i a l  heading e r r o r s  
cont r ibu te  the  l a r g e s t  share  of t h e  f i n a l  e r r o r s  i n  ve loc i ty  
and f l i g h t  pa th  angle.  
- 47 - 
TABLE V I I .  EFFECTS OF COMBINED I N I T I A L  CONDITION 
I 
I n i t i a l  N o n - z e r o  
Standard D e v i a t i o n s  
ERRORS FOR STRAIGHT-IN APPROACH 
3000 m 
5000 m 
50 deg 
6 deg 
30 m / s e c  
3000 m 
5000 m 
\ 8 
3000 m 
5000 m 
50 deg 
1 
30 m / s e c  deg 1 
3000 m 
5000 m 
50 deg 
6 deg 
30 m / s e c  
Xf 
(m) 
0 
11.70 
39.40 
1.49 
20.20 
15.70 
41.10 
41.10 
25.60 
48.40 
0.oc 
0.3E 
0.53 
0.oc 
0.00 
0.38 
0.65 
0.00 
0.65 
0.00 
0.07 
0.13 
0.00 
0.00 
0.07 
0.14 
0.00 
0.14 
0 
Y f  
1.84  
0.61 
0.03 
0.45 
2.63 
1 .94  
1 .94  
2.67 
3 . 3 0  
aVf 
( m / s e c :  
14.3  
3.17 
0 .59  
2.94 
8 .50  
14.70 
14.70 
8.98 
17.20 
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TABLE V I I I .  EFFECTS OF COMBINED INITIAL CONDITION 
ERRORS FOR 90-DEGREE APPROACH 
Initial Non-zero 
Standard Deviations 
3000 m 
5000 m 
50 deg 
6 deg 
30 m/sec 
5000 m, 1 3000 m 
3000 m 
5000 m 
50 
1 
6 deg 1 
30 m/sec 
3000 m 
5000 m 
\ 
50 deg 
6 deg 
? 
30 m/sec, 
xf 
0 
(m) 
12.20  
21.70 
6.35 
17.30 
21.80 
24.80 
25.70 
27.80 
37.80 
Yf 
0 
(m) 
0 .24  
0.20 
0.25 
0.05 
0.07 
0 .31  
0.40 
0.09 
0.41 
0 .03  
0.07 
0 .04  
0.01 
0.02  
0.08 
0.08 
0.02 
0.09 
0 
Y€ 
(deg) 
1.51  
0.08 
3.25 
0.77 
1.70 
1 - 5 1  
3.59 
1.87 
4.05 
13.90 
4.98 
21.00 
7.57 
6 .26  
14.80 
25.70 
9.82 
27.50 
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3.4 NON- STANDARD ATMOSPHERE 
3 .4 .1  Wind Ef fec t s  
The guidance scheme and the  nominal t r a j e c t o r i e s  
were developed assuming no winds w e r e  p resent .  Since,  i n  gen- 
eral ,  winds w i l l  be encountered, i t  i s  of i n t e r e s t  t o  determine 
the  guidance system's performance i n  t h e i r  presence.  The e f -  
fec t  of the  winds i s  t o  a l ter  the  aerodynamic forces  on the  
g l i d e r  and, thus, push the  vehic le  away from the  nominal tra- 
j ec tory .  
Nine d i f f e r e n t  p r o f i l e s  were simulated t o  examine 
t h e i r  effects OR each approach (see Figure 1 7 ) .  Four of these 
are constant  winds, 0 - 9 , four  are cons tan t  shears  ( l i n e a r  
va r i a t ion  of wind ve loc i ty  with a l t i t u d e )  , @ - @ , and one is  
a p r o f i l e  which was measured a t  the NASA F l i g h t  Research Center,  
@ . J; Tables I X  and X summarize the  r e s u l t s  of these simula- 
t i o n s .  Once again the  performance of the guidance scheme i s  
exce l l en t .  I n  a l l  these cases, the  dis turbed t r a j e c t o r i e s  were 
barely d is t inguishable  from the  nominals. I n  Figure 18, f o r  
examp,le, the  ground t racks  of the s t r a i g h t - i n  approach are shown 
(with a much-expanded crossrange sca l e )  f o r  p r o f i l e s  @) , 3 and 
@ . 
p r o f i l e s  3 , a , @and 9 . 
f i l e s  cause smaller e r r o r s  throughout the  descent than the  
Figures 19 and 20 present  r e s u l t s  f o r  the 90' approach wi th  
In  genera l ,  t he  constant  shear  pro- 
%Measured on September 2 ,  1966, f o r  f l i g h t  M5-12 of the  M2-F2 
vehic le .  
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TABLE I X .  W I N D  EFFECTS FOR STRAIGHT-IN APPROACH 
Wind P r o f i l e  
(See Figure 1 7 )  
wX = + 5 m/sec 
5 m / s e c  - ow, - -  
e wY = + 5 m/sec 
(& wy - -  5 m / s e c  
(5' v W; = +1.5 m/sec/km 
b % Wi = -1.5 m/sec/km 
W; = +1.5 m/sec/km 
6 W 1  = 1.5 m/sec/km 
Y 
wX& wY from NASA/FRC 
17.13 
16.86 
0.22 
0 .22  
2.80 
2.89 
0.00 
0.00 
' 4.01 
6y f 
(m> 
0.00 
0.00 
0.04 
-0.04 
0.00 
0.00 
0.00 
0.00 
0.03 
s J t  f 
(deg) 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
b y f  
(deg) 
1.08 
-1 .28  
-0.02 
-0.02 
0.18 
-0.18 
0.00 
0.00 
-2.10 
8 .66  
-9.14 
-0.16 
-0.116 
0.88 
-0.88 
-0.01 
-0.01 
-7.38 
constant  winds, even though t h e i r  magnitudes are considerably 
g r e a t e r  during most of the' f l i g h t .  
3.4.2 Density Effects 
Since the  atmospheric dens i ty  e n t e r s  i n t o  the  c a l -  
cu la t ion  of the feedback gains  (v i a  the parameter k), and be- 
cause the  t r u e  atmospheric dens i ty  is a random funct ion t h a t  
w i l l  always d i f f e r  from the model used i n  obtaining the  ga ins ,  
simulations were run t o  inves t iga t e  the  e f f e c t s  of such var ia-  
t i o n s  on the  system performance. Using Reference 1 7  as a guide,  
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TABLE x. WIND EFFECTS FOR 90-DEGREE APPROACH 
Wind P r o f i l e  
(See Figure 1 7 )  
3 wX = + 5 m/sec 
5 m/sec 
3 w = + 5 m/sec 
" Y  
& W Y  - -  5 m / s e c  
a W k  = +1.5 m/sec/km 
v 6 Wk = -1 .5  m/sec/km 
W; = +1.5 m/sec/km 
W' = -1.5 m/sec/km 
- - -  G wx 
Y 
& wx& w from NASA/FRC 
Y 
"f 
(d 
14 .34  
-13.38 
4.67 
- 2.15 
1.53.  
- 1.68 
1.44 
- 1 . 5 3  
19.52 
-0.12 
0.00 
0.04 
-0 .03  
-0.01 
0 . 0 1  
0.00 
0.00 
0.03 
"f 
-0.01 
0 . 0 1  
0.00 
0.01 
0.00 
0.00 
0.00 
0.00 
0.00 
1 .25  
-1.18 
-0.15 
0.13 
0.19 
-0.19 
-0.01 
0.01 
-1.92 
9.16 
-9 .59  
-0 .98  
0.57 
0.98 
-0.99 
-0 .14  
0.13 
-8 .94  
dens i ty  va r i a t ions  of f 10% w e r e  s e l ec t ed  as represent ing the  
maximum e r r o r s  which might normally be encountered. 
s u l t i n g  t r a j e c t o r i e s  are shown i n  Figures 2 1  and 22. Table X I  
summarizes the  terminal e r r o r s  which were produced by these 
The re- 
va r i a t ions .  It is  apparent from these r e s u l t s  t h a t  the  expected 
atmospheric dens i ty  va r i a t ions  do no t  degrade the performance 
of the  guidance scheme. 
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6xf 
Approach Var ia t ion  (m> 
Density 
+lo% -13.05 S t r a igh t -  I n  - 10% 9.69 
+lo% -16.80 
3.5 OFF-NOMINAL VEHICLE CHARACTERISTICS 
6 Y f  6JIf 6Yf ti v€ 
(m) (deg) (deg) (m/sec> 
0.00 0.00 -0.36 -7.38 
0.00 0.00 -0.62 8.19 - 
-0.05 0.02 -0.14 -6.36 
Another important source of e r r o r s  i s  the  uncer ta in ty  i n  
the  c h a r a c t e r i s t i c s  of the vehicle  i t s e l f ,  p r imar i ly  the m a s s  
and the  aerodynamic l i f t  and drag c o e f f i c i e n t s .  The vehic le  
g o - ~ e g r e e  I -10% I 17.95 1-0.18 I 0.00 1-0.68 
c h a r a c t e r i s t i c s  , are o f t en  not  e s t ab l i shed  very accura te ly  p r i o r  
t o  f l i g h t ,  and during the mission the  c h a r a c t e r i s t i c s  change, 
6.63 
mostly as a r e s u l t  of mass expulsion and i n t e r n a l  mass s h i f t s .  
F i n a l l y ,  s i g n i f i c a n t  changes may occur during the i n i t i a l  phase 
of e n t r y  due t o  ab la t ion  e f f e c t s .  
Since no q u a n t i t a t i v e  information i s  ava i l ab le  t o  estimate 
these u n c e r t a i n t i e s ,  it w a s  assumed f o r  t h i s  i nves t iga t ion  t h a t  
these c h a r a c t e r i s t i c s  could be determined t o  wi th in  10% of t h e i r  
t r u e  values.  Consequently, simulations w e r e  run wi th  each of 
these parameters a t  f 10% of t h e i r  nominal values.  The r e s u l t s  
are presented i n  Figures 23 t o  28, and the  terminal e r r o r s  are 
summarized i n  Tables X I 1  and X I I I .  From both the f igu res  and 
the  t a b l e s ,  i t  i s  evident  t h a t  the guidance system's performance 
i s  s t i l l  very good i n  a l l  cases .  However, the  aerodynamic e r r o r s  
are more de t r imenta l  than equivalent  u n c e r t a i n t i e s  i n  the  m a s s .  
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TABLE XII. EFFECTS O F  OFF-NOMINAL VEHICLE CHARACTERISTICS 
FOR STRAIGHT- I N  APPROACH 
L i f t  C o e f f i c i e n t  
D r a g  C o e f f i c i e n t  
TABLE XIII. EFFECTS OF OFF-NOMINAL VEHICLE CHARACTERISTICS 
FOR 90- DEGREE APPROACH 
V a r i a t i o n  I V e h i c l e  C h a r a c t e r i s t i c  
+lo% 
- 10% 
+lo% 
- 10% 
M a s s  
L i f t  C o e f f i c i e n t  
- 
+lo% I - 10% D r a g  C o e f f i c i e n t  I 
I 1 E 
16.63 
-18.25 
34.89 
-44.94 
-47.17 
53.94 
6 v  
( m / s e c )  
6.02 
-7.05 
10.93 
-15.27 
-19.48 
19.17 - 
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Since the  aerodynamic forces  are d i r e c t l y  propor t iona l  t o  
the  product of t he  atmospheric dens i ty  and t h e  re ference  area 
[Equations (14) and (15)], a given unce r t a in ty  i n  Sref has the  
s a m e  e f f e c t  on the  performance as an i d e n t i c a l ,  but  s epa ra t e ,  
f i xed  percentage dev ia t ion  i n  p .  
Tables XI1 and X I I I ,  a 10% change i n  dens i ty  produces a 10% 
change i n  both l i f t  and drag,  but t h i s  has l e s s  e f f e c t  on the  
terminal  accuracy than a 10% change i n  e i t h e r  t he  l i f t  o r  the  
drag ind iv idua l ly .  Thus, t he  scheme i s  more s e n s i t i v e  t o  un- 
c e r t a i n t i e s  i n  (L/D) than i t  i s  t o  e r r o r s  i n  the  t o t a l  aero- 
dynamic fo rce ,  
Comparing Table X I  wi th  
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SECTION I V  
CONCLUSIONS AND RECaMMENDATIQNS 
4.1 SUMMARY OF CONCLUSIONS 
A simple pe r tu rba t ion  feedback scheme has been developed 
f o r  terminal  guidance of manned l i f t i n g  en t ry  veh ic l e s .  
point-mass equations of motion w e r e  s imp l i f i ed  and l i n e a r i z e d  
about a nominal t r a j e c t o r y  and t h e  quadra t ic  synthes is  tech- 
nique w a s  u t i l i z e d  t o  obta in  a l i n e a r  feedback l a w  f o r  t he  
s impl i f i ed  system. This l a w  w a s  then appl ied  t o  t h e  o r i g i n a l  
sys tem.  A d i g i t a l  s imulat ion of t h e  M-2 l i f t i n g  en t ry  ve- 
h i c l e  w a s  used t o  evaluate the  performance of the  guidance 
scheme f o r  a v a r i e t y  of off-nominal condi t ions.  The results 
of t h e  study are summarized below: 
The 
1. It w a s  observed t h a t  t h e  v e l o c i t y  and f l i g h t  path 
angle  of cu r ren t  l i f t i n g  body configurat ions ap: 
proach a quasi-s  teady condi t ion during the  terminal 
phase of f l i g h t .  By neglect ing t h e  rate of change 
of these  q u a n t i t i e s  and by using a l t i t u d e  r a t h e r  
than t i m e  as t h e  independent v a r i a b l e ,  t he  number 
of state va r i ab le s  descr ibing the  system w a s  re- 
duced t o  th ree ,  t h e  two p o s i t i o n  coordinates  i n  the  
ho r i zon ta l  plane and the  heading angle,  
2. The equations of t h e  reduced s y s t e m  were l inea r i zed  
about a nominal t r a j e c t o r y .  A performance index w a s  
then s e l e c t e d  which was  quadra t ic  i n  both t h e  terminal  
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state v a r i a b l e  e r r o r s  and i n  the  c o n t r o l  v a r i a b l e  
devia t ions .  The minimization of t h i s  performance 
index yielded a l i n e a r  feedback guidance l a w  
[Equation (38) ] ,  with the  feedback gains  being 
funct ions of a l t i t u d e  (quadra t ic  syn thes i s ) .  
3 .  The terminal  guidance scheme can be e a s i l y  imple- 
mented. The feedback gains  are pre-ca lcu la ted  
f o r  a se l ec t ed  nominal t r a j e c t o r y  and s tored as 
funct ions of a l t i t u d e  i n  the  a i rborne  computer, 
along with the  nominal s t a t e  and c o n t r o l  va r i -  
ab le  h i s t o r i e s .  During f l i g h t ,  the  s t a t e  va r i -  
ab l e s  would be estimated from measurements and 
t h e i r  devia t ions  from nominal would be used t o  
compute co r rec t ions  t o  the nominal c o n t r o l  h i s -  
t o r i e s .  The computational and s torage  requi re -  
ments are very modest, s o  t h a t  the values f o r  sev- 
eral  nominal approaches could be c a r r i e d  along f o r  
contingencies and f o r  g r e a t e r  f l e x i b i l i t y .  
4 .  The scheme descr ibed here in  provides very precise 
terminal  guidance f o r  extremely l a r g e  i n i t i a l  condi- 
t i o n  e r r o r s .  It successfu l ly  handles e r r o r s  which 
are w e l l  ou t s ide  t h e  l i n e a r  range of operat ion as- 
sumed i n  i t s  development. The e r r o r s  remaining a t  
the  beginning of f l a r e  are w e l l  wi th in  the  p i l o t ' s  
c a p a b i l i t y  of c o r r e c t i n g  during t h e  f i n a l  f l a r e  and 
landing maneuvers. 
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5. A l i n e a r  s ta t i s t ica l  ana lys i s  of t he  e f f e c t s  of com- 
bined i n i t i a l  condi t ion  e r r o r s  i n d i c a t e s  t h a t  t he  re- 
s u l t i n g  terminal  e r r o r s  are not  s i g n i f i c a n t l y  l a r g e r  
than t h e  l a r g e s t  e r r o r s  produced by the  corresponding 
ind iv idua l  i n i t i a l  condi t ion per turba t ions .  
6 .  The guidance scheme performed very w e l l  i n  t he  pres -  
ence of s eve ra l  wind p r o f i l e s .  Steady winds parallel  
t o  the  runway, e i t h e r  i n  the  landing d i r e c t i o n  o r  op- 
posed t o  i t ,  produced the  l a r g e s t  terminal  e r r o r s ,  
but even these  were very acceptable .  
7. Atmospheric dens i ty  v a r i a t i o n s  of f 10% r e s u l t e d  i n  
very s m a l l  terminal  errors, which w e r e  a11 w e l l  wi thin 
the  acceptable  l i m i t s .  
8.  Uncer ta in t ies  of f 10% i n  the  knowledge of t he  ve- 
h i c l e ' s  m a s s  o r  aerodynamic forces  produced only 
minor e r r o r s  a t  t h e  f i n a l  a l t i t u d e .  
9. Errors  of f 10% i n  the  l i f t  o r  drag c o e f f i c i e n t  
( separa te ly)  r e s u l t e d  i n  terminal  e r r o r s  which w e r e  
somewhat l a r g e r  but  s t i l l  acceptable .  Since the  l i f t  
over drag r a t i o  (L/D) i s  unaffected by changing both 
l i f t  and drag by the  same amount o r  by the  atmos- 
pheric  dens i ty ,  bu t  i s  a l t e r e d  by separate changes 
i n  e i t h e r  t he  l i f t  o r  t he  drag, t hese  r e s u l t s  i n d i -  
cate the  guidance scheme i s  more s e n s i t i v e  t o  
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u n c e r t a i n t i e s  i n  L/D than i t  i s  t o  u n c e r t a i n t i e s  i n  
the  t o t a l  aerodynamic force .  
4.2 SUGGESTIONS FOR FURTHER RESEARCH 
Fur ther  examination of t h e  following i t e m s  would help t o  
e s t a b l i s h  the  c a p a b i l i t i e s  and requirements of t he  proposed 
terminal  guidance scheme: 
1. The present  i n v e s t i g a t i o n  w a s  l imi t ed  t o  subsonic 
f l i g h t .  However, to be of p r a c t i c a l  va lue ,  a terminal  
guidance scheme must be  capable of operat ing we l l  i n t o  
the  supersonic f l i g h t  regime. Since i t  i s  un l ike ly  
t h a t  t he  quasi-equilibrium g l i d e  assumption w i l l  be 
u s e f u l  during t ransonic  and supersonic f l i g h t ,  i t  w i l l  
probably be  necessary t o  increase  the  dimension of t he  
system t o  four  o r  f i v e  s t a t e  v a r i a b l e s .  I n  t h i s  event ,  
i t  might be advantageous t o  employ the  "energy-state" 
approximation ( s e e  Reference 18) t o  reduce the  system 
complexity. 
u s e f u l  i n  designing nominal t r a j e c t o r i e s  which provide 
near ly  optimum performance (such as maximum crossrange) .  
The r e s u l t i n g  guidance scheme should be evaluated t o  
determine i t s  performance wi th  off-nominal i n i t i a l  con- 
d i t i o n s ,  winds, nonstandard atmosphere, etc. 
The energy-state  concept might a l s o  be 
2. A more complete s ta t i s t ica l  a n a l y s i s  of the  guidance 
scheme's performance would be va luable  i n  a s ses s ing  the  
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combined e f f e c t s  of a l l  l i k e l y  off-nominal condi t ions ,  
inc luding  i n i t i a l  condi t ions ,  v e h i c l e  c h a r a c t e r i s t i c s ,  
winds and atmospheric dens i ty .  I n  order  t o  conserve 
both computation and d a t a  reduct ion t i m e ,  a l i n e a r  
s t o c h a s t i c  a n a l y s i s  would be used. (However, a l i m -  
i t e d  Monte Carlo study would a l s o  be u s e f u l  t o  eva l -  
u a t e  t h e  importance of nonl inear  e f f e c t s . )  The s t o -  
c h a s t i c  behavior of t he  state and c o n t r o l  vec to r  
pe r tu rba t ions  would be found by examining the  behav- 
i o r  of t h e i r  respec t ive  e r r o r  covariance matrices. A 
f u r t h e r  improvement, a t  l i t t l e  a d d i t i o n a l  complexity, 
would be t o  include the  e f f e c t s  of measurement un- 
c e r t a i n t i e s  i n  the  ana lys i s .  Realistic est imates  of 
t he  expected measurement u n c e r t a i n t i e s  could be ob- 
ta ined  f o r  a v a i l a b l e  sensors .  These would then be 
incorporated i n t o  t h e  propagation of t h e  e r r o r  co- 
var iance  matrices. E i the r  continuous o r  sampled m e a -  
surements could be considered. 
3 .  To provide r ap id  and accura te  implementation of t he  
angle  of a t t a c k  and bank angle  commands, an a t t i t u d e  
c o n t r o l  sys t em should be designed f o r  use with the  
terminal  guidance scheme. 
synthes is  technique could be used t o  c a l c u l a t e  t he  
feedback gains  a t  var ious po in t s  along t h e  nominal 
t r a j e c t o r y .  
The time-domain quadra t ic  
The conf igura t ion  se l ec t ed  should assume 
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decoupled longi tudina l  and l a t e r a l - d i r e c t i o n a l  r i g i d -  
body motions,  and no t  r equ i r e  a mechanical rudder- 
a i l e r o n  interconnect .  Such a scheme would use t h e  
aerodynamic con t ro l s  i n  the  most e f f e c t i v e  manner f o r  
c o n t r o l l i n g  short-per iod dis turbances and f o r  respond- 
i n g  t o  guidance commands. This system could then be 
combined wi th  the  terminal  guidance scheme i n  a f u l l  
s i x  degree-of-freedom simulat ion,  and the  o v e r a l l  
e f f ec t iveness  could be examined i n  t h e  presence of 
off-nominal i n i t i a l  condi t ions ,  winds, gus t s ,  etc.  
4 .  I n  order  t o  demonstrate the  v e r s a t i l i t y  of t he  ter-  
minal guidance scheme, i t  should be appl ied  t o  ve- 
h i c l e s  o ther  than t h e  M - 2  l i f t i n g  body en t ry  vehicle .  
Rel iab le  da t a  could be obtained f o r  t h e  o the r  two 
e x i s t i n g  l i f t i n g  bodies (Hl-10 and X-24A) and s tud ie s  
p a r a l l e l  t o  those conducted under the  present  con- 
tract  could be performed f o r  these veh ic l e s ,  
i n t e r e s t i n g  app l i ca t ions  would be t o  a t y p i c a l  V/STOL 
a i r c r a f t ,  such as the  t i l t -w ing  XC-142 ,  o r  t o  a 
supersonic t r anspor t  (SST). This t a s k  would r equ i r e  
obtaining and programming t h e  veh ic l e  da ta  (phys ica l ,  
aerodynamic, engine),  der iv ing  a s u i t a b l e  model f o r  
the  a i r c r a f t ,  and Se lec t ing  a s a t i s f a c t o r y  nominal 
t r a j e c t o r y .  A simple s t r a i g h t - i n  approach should be 
considered f i rs t ,  wi th  angle  of a t t a c k  and wing tilt 
Other 
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angle  (V/STOL) o r  t h r o t t l e  s e t t i n g  (SST) as the  con- 
t r o l  va r i ab le s .  Maneuvering approaches i n  which the  
bank angle  i s  an  add i t iona l  c o n t r o l  v a r i a b l e  could 
be examined later.  The e f f ec t iveness  of t he  system 
f o r  providing accura te  landing i n  the  presence of  
i n i t i a l  e r r o r s ,  winds, e tc . ,  could then be evaluated 
as i n  the  present  study. 
5. A computer s i z i n g  study would provide use fu l  da ta  f o r  
es t imat ing  t h e  onboard computer requirements of t he  
guidance scheme. Trade-off s t u d i e s  should be con- 
ducted t o  determine the  e f f e c t s  on t h e  s y s t e m ' s  per- 
formance of such f a c t o r s  as: t h e  number and choice 
o f  a l t i t u d e s  a t  which the  feedback gains  are s to red ;  
t he  d i s c r e t i z a t i o n  l eve l s  of both t h e  s t a t e  v a r i a b l e  
measurements and the  guidance commands; t he  word length 
used i n  the  ca l cu la t ions ;  and t h e  sampling frequency 
f o r  updating the  measurements and commands. The num- 
be r  of nominal approach t r a j e c t o r i e s  and assoc ia ted  
feedback gains  which might reasonably be c a r r i e d  along 
on a mission should be examined as w e l l .  Considera- 
t i o n  should a l s o  be given t o  t h e  p o s s i b i l i t y  of manual 
implementation of t h e  guidance commands by means of a 
v i s u a l  d i sp lay  t o  the p i l o t .  F i n a l l y ,  a preliminary 
estimate of t h e  necessary onboard computer spec i f i ca -  
t i ons  should be drawn from t h e  results obtained. 
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